Abstract Nephrogenic systemic fibrosis (NFS) is a potentially fatal disease that is linked to the administration of gadolinium based contrast agents (GBCA). As the associated risk factors have been identified and countermeasures taken, NSF has become a rarity. However, there is ongoing research to better understand its pathogenesis and studies on the safety of different GBCA in the context of NSF are carried on. This article aims to provide a brief review of the topic of NSF and to summarize recent developments and literature publications within the last year.
different compounds, their structure, and charge can be found in vivo: macrocyclic chelates are more stable than linear chelates, and ionic compounds tend to be more stable than non-ionic chelates [10] .
Other positively charged ions in the blood plasma such as calcium can competitively bind to the gadolinium-binding site in the chelate compounds. Thus, gadolinium ions can be slowly exchanged with other plasma ions over time in a transmetalation process. The end result is gadolinium ions being released into the human body. Even though the pathophysiology of NSF is not fully understood, studies suggest that free gadolinium ions rather than the GBCA chelate led to the development of NSF [11] . The greater number of unconfounded NSF cases (i.e., cases where only one GBCA has been administered) with linear rather than macrocyclic GBCAs support this theory. However, the structure of the chelate is not the only factor in play: currently, no cases of NSF have been reported for the linear chelate gadobenate dimeglumine (Multihance Ò ), whereas a large number of cases have been reported with gadopentetate dimeglumine (Magnevist Ò ), a linear chelate demonstrating almost identical thermodynamic stability [10] . This may relate to the 5 % of hepatobiliary excretion that occurs with gadobenate dimeglumine serving a protective effect in renal failure patients. Likewise the rate of NSF with gadobutrol (Gadovist Ò or Gadavist Ò ), a macrocyclic compound, is greater than that of gadoterate meglumine (Dotarem Ò ) and gadoteridol (ProHance Ò ). Thus, the pathophysiology of NSF appears to be multifactoral. While European guidelines are based predominantly on the model of structural stratification and thermodynamic stability, recent studies suggest a more complex, multifactorial process of inflammation involving cells with osteogenic potential [12] that is triggered by free gadolinium ions.
Risk Factors and Epidemiology of NSF
Besides gadoxetate disodium and gadobenate dimeglumine, which are partially metabolized by hepatocytes, all GBCA are eliminated almost exclusively by the kidneys. In patients with impaired renal function, especially in those with a GFR \ 15 mL/min/1.73 m [2] , GBCAs have a significantly prolonged plasma time. Thus, GBCAs remain within plasma longer, enabling more time for gadolinium ions to be released from the chelate in patients with renal failure. Additionally, the stability of GBCA is further decreased in low pH environments [3, 13] . Since renal failure patients typically have a lower blood pH compared to healthy patients, this may further contribute to the increased NSF risk in these patients [3, 13] . Additionally, low levels of blood phosphorus seem to correlate with the development of NSF [14] , although the implication of this possible surrogate marker is not yet understood. In distinction, previous studies had found phosphorus to promote the release of gadolinium from the chelate [10] .
In addition to the aforementioned risk factors, higher one-time and cumulative doses of GBCA are considered additional risk factors for the development of NSF. A greater inflammatory burden also increases NSF risk [15] . Liver functional impairment has recently been shown to not be a risk factor in the development of NSF [16, 17 • 
Many patients who developed NSF after administration of GBCAs were exposed to different GBCA compounds, thus making it difficult to estimate the effects of an individual GBCA. In patients who received only one GBCA (so-called unconfounded cases), the calculation of the GBCA's individual NSF risk is feasible. Up to now (as of 5/2014), the number of unconfounded NSF cases that have been histologically confirmed is fewer than 1,000 [18] . The resulting calculated risk for NSF, accounting for the number of GBCA administrations worldwide, is thus on the order of 0.1-10 NSF cases per one million GBCA administrations in the general population depending on the GBCA. As can be expected from their chemical and physical stability, linear GBCAs are responsible for the majority of these cases.
In a recently published study on the nationwide prevalence of NSF in Denmark, a prevalence of 12 cases per one million inhabitants was found [19] . So far, this represents the highest reported prevalence worldwide, which according to the authors of the study could be explained by the high awareness of NSF in Denmark together with the initiation of this nationwide investigation. An additional study by Nardone et al. assessed the incidence of NSF in pediatric patients, finding only 16 confirmed NSF cases in patients younger than 19 years [20] . As for adults, impaired renal function appears to be the main risk factor in pediatric patients; although, the assessment is further complicated by the fact that the GBCAs approved for pediatric imaging may differ, depending on governmental regulations, from those approved in adults.
Guidelines
Reacting to the proposed link between NSF and GBCAs, governmental authorities (such as the Food and Drug Association, FDA, and European Medicines Agency, EMEA) and societies (such as the European Society of Urogenital Radiology, ESUR, and the American College of Radiology, ACR) have published regulations and guidelines on this topic. While the major points made in these publications are similar, some differences can be found, especially regarding the use of GBCA in infants and children. As a common theme in these publications, GBCAs are divided into three groups according to their NSF risk.
As NSF and its associated risk factors have become better understood, minor changes to the respective guidelines have been introduced over the years. Recently, impaired liver function was removed as an individual risk factor from the ESUR guidelines. Additionally, the use of high-risk GBCA in neonates is now contraindicated according to the most recent ESUR guideline [21 • ].
Overview Over the Available GBCA High Risk: Gadodiamide, Gadoversetamide, and Gadopentetate Dimeglumine As linear chelates, these three GBCAs pose the highest risk of NSF in patients with impaired renal function. Thus, they are contraindicated in patients with a GFR \ 30 ml/min as stated in the ESUR guidelines [ 
With a calculated risk of 9 NSF cases per one million administrations, gadodiamide poses the highest NSF risk of all GBCA in patients with impaired renal function. Focusing exclusively upon patients with impaired renal function, the incidence of NSF has been estimated at 3-18 % [21 • ]. If used in a population with unimpaired renal function, however, gadodiamide is considered safe. Thus, it is essential to assess a patient's renal function prior to the administration of gadodiamide.
Gadopentetate dimeglumine is worldwide the most commonly used GBCA and with approximately 115 million examinations performed [22] , the GBCA that has been administered the most overall. The reported incidence of NSF in patients with impaired renal function is estimated between 0.1 and 1 % [21 • ]. Despite its high NSF risk, gadopentetate is considered safe with respect to other adverse reactions. As with gadodiamide, the assessment of individual patient risks (i.e., impaired renal function, previous GBCA application) is mandatory prior to the administration of gadopentetate dimeglumine.
While the NSF incidence of gadoversetamide is estimated less than 1 case per one million administrations, gadoversetamide is considered a high-risk GBCA due to its non-ionic linear structure.
Intermediate Risk: Gadoxetate Disodium, Gadofosveset Trisodium, and Gadobenate Dimeglumine Gadoxetate disodium is a GBCA that is metabolized equally by the liver and the kidneys. In the liver, it is taken up exclusively by functioning hepatocytes, and is thus useful in the differentiation and characterization of liver lesions [23, 24] . Despite being a linear chelate, it has proven to be highly stable in animal experiments [25] . Further, its alternative mechanism of hepatobiliary excretion might play an important role in patients with impaired renal function, compensating for the reduced renal excretion. So far, no unconfounded cases of NSF after administration of gadoxetate disodium have been reported. Even though a possible risk for patients with both impaired liver and renal function can be hypothesized, there is no data to support this thesis. Likewise, a recent study found no increased risk of NSF in patients suffering from impaired liver function in combination with other potential NSF risk factors [17 
Gadofosveset features a high affinity to albumin. Its renal excretion is thus slower in comparison to other GCBAs, which leads to gadofosveset's relatively long blood half-life of approximately 18 h. Gadofosveset is a linear ionic chelate that is excreted predominantly via the kidneys with minimal hepatobiliary elimination (5 %). By taking advantage of its long blood pool time, Gadofosveset can be used in relatively low concentrations for certain applications, especially in MR angiography [26, 27] . In such settings, examinations can be performed using only half of the gadolinium dose as compared to conventional GBCA. As Gadofosveset was recently re-introduced to the market, questions about its safety have come back to focus. In this context, Alhadad et al. recently published retrospective data on 62 patients who received gadofosveset [28 • ]. Including a mixed population, no severe adverse reaction, and in particular no cases of NSF were encountered over the observation period of up to 4 years. This supports the previous data, and so far, there are no unconfounded NSF cases in patients who received gadofosveset.
Gadobenate dimeglumine is an ionic linear chelate with low levels of albumin binding and 5 % hepatobiliary elimination that can be used for liver imaging. So far, no unconfounded cases of NSF after administration of gadobenate dimeglumine have been reported. Low risk: Gadobutrol, Gadoterate Meglumine, and Gadoteridol
The GBCAs with minimal or low risk of NSF are based on cyclic chelates. With their superior stability in comparison to the linear chelates, the administration of these GBCAs poses a relatively low risk to patients with impaired renal function. However, macrocyclic chelates should always be used at lowest possible dosages. A 1 week interval between two consecutive examinations is considered sufficient
There is one case demonstrating a possible association between the administration of gadoterate meglumine and NSF [29] . Otherwise, there are no definite unconfounded cases of NSF with the compound so far [21 • , 29] . In a recently published prospective study [30] , gadoterate meglumine was administered in high-risk patients and the rate of NSF cases compared to patients receiving noncontrast MRI scans. In a follow-up time of 3 months, no cases of NSF were recorded in either patient group. Another prospective trial recently assessed the incidence of NSF in patients undergoing long-term dialysis. That study included 268 patients given predominantly macrocyclic GBCAs, usually gadoterate meglumine, and did not report any cases of NSF in these high-risk patients [31 • ].
Gadoteridol and gadobutrol, the other available cyclic compounds are likewise considered chemically and physically stable and suitable for use even in patients with impaired renal function. When utilized in single doses, they seem to pose no NSF risk to these patients, as was specifically shown for gadoteridol [32] .
Overall, the high-risk, linear chelates have been used in much larger numbers relative to the macrocyclic compounds. This greater number of administrations of the highrisk GBCAs has to be taken into consideration. Over the last several years, the total number of administrations for both groups has converged, as the use of low-risk GBCA continues to increase. In the end, a risk classification according to the NSF incidence for the individual GBCA might be considered rather than an assignment based on the chemical structure. This would lead to some changes, as, for example, the linear compound gadobenate dimeglumine would be classified as a low-risk GBCA, as so far, no NSF cases have been found. Table 1 gives an overview over the currently available GBCAs.
Prevention and Treatment of NSF Currently, there is no definitive treatment for NSF. Therefore, prevention through a priori risk assessment and the risk stratification of the patients is the best way to approach the disease. The radiologist plays an essential role in managing at risk patients and in reminding clinical colleagues of such risks. By assessing the main risk factors for NSF in patients undergoing contrast-enhanced MRI, i.e., impaired renal function, and excluding those patients from administration of high-risk GBCA, NSF can be effectively prevented.
Additionally, the use of macrocyclic compounds that are considered low-risk GBCA further decreases the risk of NSF, especially when administered in low doses. According to the current guidelines, patients in whom contrastenhanced MRI is indicated should not be excluded due to impaired renal function and can be safely scanned utilizing a low-risk GBCA at the appropriate dose.
Although there is no definitive treatment for NSF, improving renal function seems to be one key. This is supported by data on NSF patients who recovered from acute renal failure or underwent kidney transplantation [33] and subsequently demonstrated a clinical improvement. Therapies resulting in the elimination of free gadolinium ions is another potential option, as a decrease of dermal gadolinium deposition has been correlated with an improvement of clinical symptoms [34] . Different therapeutic approaches such as extracorporeal photopheresis or apheresis seem to be feasible [35] . Additionally, immunosuppressants and immune modulation are considered therapeutic options in patients suffering from NSF. Whether or not dialyzing patients who received GBCAs helps to minimize the risk of NSF which has not been definitively proven. As previously shown by several studies, gadopentetate dimeglumine, gadodiamide, and gadobutrol can be removed from the plasma by hemodialysis [36] [37] [38] . In a recent study, Gheuens et al. examined the dialyzability of gadoteric acid. By applying a dialysis regimen, they found gadoteric acid to be effectively removed from plasma [39] . Thus, dialysis following administration of gadolinium chelates may prove a useful preventative or therapeutic measure.
Conclusions
NSF can be effectively prevented by identifying associated risk factors and avoiding certain GBCAs in patients with such risk factors. Although the number of NSF cases is small and will likely further decrease, there remains a need for further research to understand its pathogenesis. In doing so, both NSF as well as newly realized complications, such as long-term alterations to certain brain areas reported by Kanada et al. [40] , can be better understood. Technical improvements and the increased clinical use of alternative or functional MR imaging techniques such as DWI, BOLD, etc., might decrease or render unnecessary the clinical use of GBCAs in the future. Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
